Type i (insulin-dependent) diabetes mellitus is a genetically programmed autoimmune disease due to the selective destruction of the pancreatic Beta cells [1] .
The onset of diabetes is preceded by a latent period that can be detected by immune markers such as islet-cell antibodies (ICA) [2, 3] , anti-64 Kd antibodies [4, 5] or insulin-autoantibodies (IAA) [6, 7] . Additionally, metabolic abnormalities can also be detected during this prediabetic period. Basically, slightly elevated basal glucose values may identify the eminent onset of the disease [8] . Impaired oral glucose tolerance may precede the onset of the disease in identical twins of Type i diabetic patients [9] . The progressive loss of acute insulin response (AIR) to i.v. glucose may be an early event of this pre-diabetic state [10] , as well as the defect for glucose to potentiate arginine-induced insulin release [11] . Finally, the decrease of AIR to secretagogues other than glucose has been described in early Type I diabetes [12] .
The chronological link and the pathogenic significance of these metabolic abnormalities remain unclear. In particular, studies on AIR to different secretagogues have led to controversy. On one hand, a decreased AIR to glucose was suggested to be coexisting with a subnormal AIR to other stimuli in pre-diabetic humans [12] , and in vitro in islets of diabetes-prone non-obese diabetic (NOD) mice [13] and in BioBreeding Worcester (BB/W) rats [14] . On the other hand, alterations of glucose and glucagon-stimulated insulin release have been described in ICA positive twins of Type i diabetic patients [15] . Only a prospective evaluation of AIR to different secretagogues in subjects at risk for Type 1 diabetes will solve this problem. An alternative approach is to study crosssectionally individuals with various risks for developing the disease in order to evaluate the hierarchy of insulin response previously reported in early Type 1 diabetic subjects [12] . a The cutoff for a low acute insulin response to intravenous glucose is defined in "Material and Methods" NT: not tested; GT: oral glucose tolerance; IGT: impaired oral glucose tolerance; ICA: islet-cell antibodies; JDF units: Juvenile Diabetes Foundation units; IAA: insulin autoantibodies; DR + -TL: "activated" T-lymphocytes
We have therefore evaluated AIR to intravenous glucagon and arginine in healthy adult volunteers and in subjects at risk for Type 1 diabetes, either "normal" or "low" insulin-responders to glucose. Furthermore, since the poor specificity of AIR to glucose is known [16] , we have analysed these metabolic results according to the development of diabetes to investigate whether diminished responses to all three secretagogues may offer better prediction than AIR to glucose alone.
Subjects, materials and methods

Subjects
Sixty-eight healthy adult volunteers were studied. All these subjects underwent an intravenous glucose tolerance test, and the insulin responses to i.v. glucagon and i.v. arginine were evaluated in 19 randomly selected subjects (Group I). For ethical reasons, children (less than 15 years old) could not be included in this control group. Twenty-one subjects at risk for Type 1 diabetes (Group II) were also included in the study. Among this latter group, the first-phase insulin responses to glucagon and to arginine were estimated in 11 "normoresponders" (Group IIa) and in 10 "low-responders" to i.v. glucose (Group lib). A value below the mean -2SD of "age-related" AIRGs, previously calculated [17] in a population of 272 [CA and IAA negative relatives, aged 3 to 48 years old, of Type 1 diabetic patients, defined a "low" AIRG. The "age-related" changes of AIR to glucose have also been reported by others [18] . All the "low-responders" also had AIRG below the 5 t~ percentile of the 68 adult healthy control subejcts (IRI 1 + 3 min = 35 ~tU/ml).
Group I subjects had no personal or familial history of diabetes or autoimmune disease. Subjects of Group II were first-degree relatives of Type 1 diabetic subjects (n = 14), transient basal hyperglycaemic individuals (n = 6) either ICA positive or with organ-specific autoimmune disease, and one patient with Graves' disease (n = 1) ( Table 1 ). The transient hyperglycaemia (> 6.1 mmol/l) was detected during pre-surgery screening or a medical examination. These transiently hyperglycaemic subjects had returned to fasting normoglycaemia by the time of the tests. Individuals from Groups I and II were similar in terms of sex (M/F: 10/9 vs 13/8), age (22_+ 1 vs 21 • 2 years), and body mass index (22.8 _+ 1.0 vs 21.6 _+ 1.5 kg/m2). The subjects were taking no medication and consumed a diet of 250 g carbohydrate for 3 days prior to the tests. Type 1 (insulin-dependent) diabetes "normo-responders" to i. v. glucose (Group IIa). Panel C: subjects at risk "low-responders" to i.v. glucose (Group lib). * p < 0.006 between acute insulin response to arginine and to glucose
All subjects gave their written informed consent and the studies were performed with the permission of the local ethical committee.
Methods
Metabolic studies. Acute insulin responses to i.v. glucose (AIRG), to i.v. arginine (AIRArg) and to i.v. glucagon (AIRGln) were evaluated in this order at 2-day intervals, on the morning after a 12 h overnight fast. Intravenous glucose tolerance tests were performed as previously described [10] . Briefly, catheters were inserted into both antecubital veins and 0.5 g/kg body weight of 30% glucose was injected over 2 vain _+ 5 s. To evaluate AIRArg, 5 g of arginine (Veyron, Marseille, France) was diluted in 50 ml of a 0.9% NaC1 solution and injected over 1 rain _+ 5 s. To evaluate AIRGln, 2rag of porcine glucagon (Novo, Copenhagen, Denmark) was diluted in 60ml of a 0.9% NaC1 solution and injected over 1 rain _+ 5 s. The doses of glucagon and arginine used here have been reported to induce maximal insulin release [19, 20] . Previous studies [19, 21] and our unpublished data have shown that the AIR to these two secretagogues, injected as a 30 s-1 rain bolus, peaks during the 2-4 rain period.
Blood samples were taken 10 rain prior to each bolus (glucose, glucagon, arginine) and at 1 and 3 rain after the end of the injection. Each sample was drawn in less than 15 s and kept on ice until centrifugation. Plasma was then frozen at -20~ Blood glucose was measured using a glucose oxidase method. Basal and stimulated immunoreactive insulin concentrations were measured by radioimmunoassay (SB-INSI-5, International CIS, Saclay, France) with 125I-porcine insulin, with human insulin as a standard, and guinea pig antiserum to human insulin. Separation was carried out with polyethylene glycol. Undiluted plasma leading to immunoreactive insulin values above 60 gU/ml was further diluted until falling in the linear portion of the standard curve. Sensitivity of the assay was 2.5 gU/ml; the intra-and inter-assay coefficients of variation were less than 10%. Inter-and intra-individual variabilities of AIRG were previously reported in the adult healthy control subjects included in the present study [22] . Previous studies [23, 24] have reported similar coefficients of variation for AIRG, AIRGln and AIRArg. An oral glucose tolerance test (75 g glucose load for adult subjects and 1.75 g/kg for children) was performed in "low-responders" to i.v. glucose. Impaired glucose tolerance and diabetes mellitus were defined according to the criteria of the World Health Organization.
Detection and quantification of islet-cell antibodies and insulin-auto-
antibodies. Sera were tested in a blinded manner for IgG-ICA by indirect immunofluorescence on cryostat sections of the same blood group O human pancreas. One ICA positive internal standard sample and the international reference serum accepted by the Immunology of Diabetes Workshops [25] were included. Results were expressed in Juvenile Diabetes Foundation (JDF) units. Subjects were classified as ICA positive if they had at least two positive samples ( > 10 JDF units). In the Fourth International Islet-Cell Antibody Workshop, our laboratory had 100% sensitivity and 86% specificity in blinded analysis of test serum samples, with a limit of detection of 2.5 JDF units.
Sera were also tested for the presence of IAA by an immunoradiometric assay [26] , using the ability of sera to bind monoiodinated 125I Tyr-A-14 human insulin (specific activity 250 gCi/gg, Novo, Copenhagen, Denmark). The inter-and intra-assay coefficients of variation were 15 and 10% respectively. In each assay our positive internal standard sample was included. A positive result was defined as a value > 1.3%, i.e. > 3 SD above the mean binding of control sera (0.94+0.12%). These control sera displayed normally distributed values. The sensitivity of the assay was 0.15%.
Detection of "activated" T-lymphocytes (DR + -TL).
The percentage of circulating "activated" HLA-DR positive T-cells was determined by a direct two-colour immunofluorescence technique as previously described [27] . The level of positivity was defined as the mean value + 2 SD of controls (i. e. 4% ).
RIN cell-binding lymphocytes in vitro.
The detection of lymphoeytes binding to rat insulinoma (RINm5F) cells was performed as previously described [27, 28] . The increased number of RIN-adherent lymphocytes in diabetic as compared to control subjects are called "diabetic rosettes". A positive test was arbitrarily defined as a value of RIN-adherent lymphocytes higher than the 95 th percentile of 300 control subjects (15,000). In each experiment, subjects at risk were tested in triplicate, with at least two control subjects. Intra-assay variability was less than 10% and inter-assay variability did not exceed 15%. The assay was performed in a blinded manner.
HLA typing. Lymphocytes from blood samples were typed for HLA-DR antigens by the two-colour immunofluorescence technique.
Statistical analysis
AIRG, AIRGln, and AIRArg were calculated as the sum of 1 + 3 min insulin values and tog-transformed for the purpose of statistical analysis because of an abnormal distribution of insufin values. Differences were evaluated by the non-parametric KruskalWallis test when three populations were compared. Two-tailed Student's t-tests were used for comparison of two sets of data, paired or unpaired when appropriate. Simple regression analysis was used to evaluate correlations between AIRG and AIRGln, AIRG and AIRArg, AIRGln and AIRArg. p < 0.05 was taken as significant. 
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Fig.3. Acute insulin response to i.v. glucose (AIRG), glucagon (AIRGIn) and arginine (AIRArg), expressed as log immunoreacrive insulin (IRI) 1 + 3 rain (jaU/ml) in subjects at risk "low-responders" to glucose (Group II b), who have progressed to Type 1 (insulin-dependent) diabetes (<)), or have not (0). Vertical bars denote mean values_+ SEM. Asterisks indicate the statistical differences in insulin responses to a given stimulus between these two subgroups (For AIRGln: * p < 0.05; for AIRArg: ** p < 0.0003), The statistical differences between AIRG and AIRArg are also indicated in each subgroup (*** p < 0.006; **** p < 0.002)
Results
Acute insulin responses to glucose, glucagon and arginine within each group of subjects ( Fig. 1) In 19 adult healthy control subjects (Group I), no statistical difference was observed between AIRG, AIRGln and AIRArg (Fig. lA) . Similarly, llsubjects at risk for Type 1 diabetes, "normo-responders" to glucose (Group II a) displayed similar AIRG, AIRGln and AIRArg (Fig. 1 B) . By contrast, in 10 subjects at risk for Type 1 diabetes classified as "low-responders" to glucose (Group lib), AIRG, AIRGln and AIRArg were statistically different (Kruskal-Wallis: p < 0.02) (Fig. 1 C) . Overall, AIRArg 651 was statistically higher than AIRG (p < 0.006). AIRGln tended to be more elevated than AIRG, although not significantly (p < 0.11), and AIRGln and AIRArg were not statistically different (Fig. 1 C) .
Comparison of insulin responses to the three secretagogues between the three groups of subjects (Fig. 2) By definition, "low-responders" to glucose had lower AIRG than control subjects (p <0.0001) and than "normo-responders" (p < 0.0001). AIRG was similar in control subjects and in "normo-responders" (Fig. 2) .
The mean values of AIRGln were similar in control subjects and in subjects at risk "normo-responders" to glucose. By contrast, AIRGln was statistically lower in "lowresponders" than in control subjects (p < 0.007) or in "normo-responders" (p < 0.007) (Fig. 2) .
Similarly, AIRArg was statistically lower in "low-responders" than in control subjects (p <0.04) and in "normo-responders" (p < 0.04), even though fasting glycaemia was slightly higher (p < 0.01) in "low-responders" (5.4 _+ 0.1 mmol/1) than in "normo-responders" (5.0 + 0.1) and than in control subjects (4.9 _+ 0.l). No statistical difference was observed between control subjects and "normo-responders" in terms of AIRArg (Fig. 2) .
Finally, AIR to the three secretagogues were correlated in the overall population (control subjects and subjects at risk) (p <0.0001), or within control subjects (p <0.001) and "normo-responders" (p <0.01) considered separately. By contrast, no correlation was found between AIRG, AIRGln, AIRArg in "low-responders" to glucose.
Insulin responses to the three secretagogues and progression to diabetes
Five subjects at risk eventually developed Type 1 diabetes ( Table 2 ). All were initially classified as "low-responders" to glucose during at least two IVGTTs, and two out of five had impaired glucose tolerance (Table 1) . By contrast, none of the subjects at risk with a "normal" response to glucose became insulin-dependent within a mean followup of 9 months (6-16 months).
No statistical difference was found in terms of AIRGln or AIRArg between the five "low-responders" who have not developed diabetes and "normo-responders" to glucose. In these five subjects, no statistical difference could be detected between mean values of AIRGln and AIRG. However, four of these five subjects had AIRGln within the range of the control subjects (39-209 btU/ml) and higher than the corresponding individual AIRG values (Fig.3) .
The mean values of AIRGln and AIRArg initially noted in the five "low-responders" who subsequently developed Type 1 diabetes, were statistically lower than in the other five "low-responders" who have not become diabetic (p < 0.05 and p < 0.0003 respectively) (Fig. 3) . In the subjects who became diabetic, AIRGln and AIRG were similar. In each of these two subgroups that either developed diabetes or did not, AIRArg was higher than AIRG (p < 0.006 and p < 0.002 respectively) (Fig. 3) . Before the evaluation of AIRArg, fasting glucose values were not different between "low-responders" who developed diabetes (5.6 + 0.1 mmol/1) and those who did not (5.3 + 0.2), although they were in the upper part of the normal range (4.9 +_ 0.1).
Although low responses to the three secretagogues announced the imminence of diabetes (6-24 months), an absolute response to any of the stimuli did not predict the precise delay to the disease ( Table 2) .
Discussion
Control subjects respond similarly to glucose, glucagon and arginine. As our experiment to stimulate insulin secretion used doses of each secretagogue known to induce maximal release [19, 20] , this suggests that any change of insulin response to different secretagogues in subjects at risk may not be attributable to variations in the insulin secretory efficacy from one stimulus to another. Subjects at risk "normo-responders" to glucose demonstrate similar responses to glucagon and arginine to those of the control subjects. In contrast, irrespective of the development of the disease, "low-responders" to glucose display significantly reduced AIR to both glucagon and arginine. However, AIR to arginine remains higher than AIR to glucose in these "low-responders". Interestingly, "low-responders" who did not develop diabetes respond similarly to glucagon and arginine than control subjects. In contrast, "low-responders" who further progressed to the disease (true pre-diabetic subjects) had a low response to the three secretagogues, although slightly less impaired to arginine.
The low insulin response to i.v. glucose seems to be a sensitive indicator of pre-diabetes [10, 16, 17] and may increase the predictive value of ICA positivity [17] . In this respect, all our subjects who went on to develop diabetes displayed this metabolic abnormality.
In our study, insulin responses to glucagon and glucose seem to be closely related, while "low-responders" to glucose still had some response to arginine. Since the three stimuli act differently on the Beta cell, this suggests on one hand that a specific functional abnormality of insulin secretion may account for a "low response" to glucose. This hypothesis may be in accordance with data obtained in early Type 1 diabetes [12] , or in vitro in diabetes-prone NOD mice [13] and BB/W rats [14] . Is this phenomenon related to antibodies directed against Beta-cell glucose transporters in recent-onset diabetic patients [29] or BB/W rats in which a quantitative defect in GluT 2 transporters has been also demonstrated? [30] On the other hand, our study shows that insulin responses to glucagon, and even to arginine, are lower than those observed in control subjects. This suggests that the insulin secretory capacity, i.e. the Beta-cell mass, may be also affected. Both a functional Beta-cell defect and a decreased Betacell mass may thus be relevant to the loss of AIRG in the present "low-responders".
However, the "low-responders" to glucose are a heterogeneous group, since only one subgroup has developed diabetes. Some "low-responders" to glucose have not progressed to the disease at least during a short-term follow-up of 32 months (22-40 months) . In these subjects, a differential response was found to the three stimuli. In particular, an arginine response was preserved as it was also described in islets from diabetes-prone BB/W rats [30] . On one hand, this may confirm that risk for the disease is associated with a specific functional alteration of the Beta cell. Even if responses to glucagon and to glucose were not statistically different in this "low responder" group that has not progressed to diabetes, it remains possible that a differential response to glucagon and glucose could occur at some stage which our cross-sectional study would not detect. In support of this hypothesis, four out of these five patients still showed a response to glucagon within the normal range. On the other hand, one can question whether these subjects are really at risk for Type 1 diabetes since the specificity of AIRG for the disease in the absence of other risk markers is poor [16] . Among the five "low responders" who did not become diabetic, only one had ICAs which remain the best operational markers for pre-Type 1 diabetes. Nevertheless, the other subjects displayed either genetic markers or high levels of "activated" and RIN-cell binding-lymphocytes, even if this latter test seems to be quite sensitive but less specific for the development of the disease [27] .
The subgroup who progressed to diabetes displayed a blunted AIR to glucose and to glucagon months before the onset of clinical symptoms of the disease. The response to arginine, even if present was also dramatically affected in these patients. Two hypotheses may account for the less severe impairment of the response to arginine. Firstly, the decreased response to arginine may be a late event during pre-Type i diabetes. This will be highlighted by a follow-up of high risk subjects (i. e. high-titre ICA-positive glucose-tolerant relatives) who may be more suitable subjects in which to study the evolution of AIR to various secretagogues than transiently hyperglycaemic subjects who are probably very close to onset of diabetes [12] . Two out of five patients who went on to develop diabetes had impaired glucose tolerance at the time of the intravenous tests. On the other hand, the fasting glucose values of pre-diabetic "low-responders" to glucose are in the upper part of the normal range and may have accounted for a sensitisation of Beta cells to arginine.
Nevertheless, from a practical point of view, the finding of inappropriate responses to glucagon and arginine may enhance the risk for the disease as compared to a "low" response to glucose alone. Our study even suggests that "low" responses to the three stimuli announce the impending onset of diabetes which appeared 6 to 24 months later (less than one year in four out of five subjects), although an absolute response to any secretagogue does not predict the precise delay to the disease.
